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A B ST R A C T
The dwarf nova U Gem is unique in having a direct measurement of the K-velocity of 
its white dwarf from HST spectra (Ki =  107 ±  2km s-1 , Long et al. 1999). We present 
high-resolution optical spectra of the dwarf nova U Gem in quiescence taken to test 
the accuracy to which the HST value can be recovered from optical data. We find that, 
even with data of very high signal-to-noise ratio on this archetypal system, we cannot 
recover Long et al.’s value to better than about 20% by any method. Contamination 
by neighbouring emission lines seems a likely culprit. Our data reveal a number of 
new features: Doppler tomograms show emission at low velocity, close to the centre of 
mass, and a transient, narrow absorption feature is seen in the Balmer lines near the 
line centres at the time of eclipse. We suggest that stellar prominences, as previously 
invoked for the dwarf novae IP Peg and SS Cyg in outburst, may explain both of these 
features. The He 114686.75 A line emission is dominated by the gas stream/disc impact 
region. Two distinct spots are seen in Doppler maps, the first being very narrow and 
showing a velocity close to that of the accretion disc in the impact region, and the 
second much broader and located between the velocities of the (ballistic) stream and 
the (Keplerian) disc. We present tentative evidence of weak spiral structure, which 
may support explanations for “spiral shocks” based upon 3-body effects. We find 
no evidence of stream-disc overflow in the system. Our data suggests an inclination 
angle > 70°, adding to the evidence supporting the existence of a puzzle in the mass 
of U Gem’s white dwarf. The mass donor is clearly seen in the Doppler maps, with 
emission concentrated towards its poles, and mainly on the side facing the white dwarf. 
This suggests irradiation with shielding by the disc from which we estimate an H /R  
ratio between 0.15 and 0.25.
Key words: binaries: close -  binaries: eclipsing -  binaries: spectroscopic -  stars: 
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1 IN T R O D U C T IO N
T heo retica l m odels of th e  evolution  of cataclysm ic variables 
(CVs) m ake pred ic tions ab o u t th e  d is trib u tio n s of th e ir 
physical p a ram ete rs  such as o rb ita l period, m ass ra tio  and 
th e  ind iv idual m asses of th e  tw o s ta rs . I f  these  p aram eters  
can  be m easured , th e  (m any) assum ptions th a t  go in to  th e  
theo ry  can  be te s ted . T hese assum ptions are of in te rest in  
th e  b roader con tex t of b inary  s ta r  evo lu tion . T he  sam e p a ­
ram eters  are needed to  gain  an  accu ra te  u n d ers tan d in g  of 
th e  accretion  processes w hich dom ina te  these  s ta rs . U nfor­
tu na te ly , th e  only reliable physical p a ram ete r th a t  can  be 
m easured  for th e  m ajo rity  of CVs is th e ir  o rb ita l period, 
w ith  p e rh ap s th e  spec tra l ty p e  of th e  donor s ta r  com ing 
a d is tan t second. In  th is  rank ing , th e  m asses of th e  w hite 
dw arf and  th e  donor s ta r  are so u n ce rta in  th a t  th ey  are of­
te n  barely  m entioned  in  th e  con tex t of evo lu tion . T h is is
p a rtly  because of th e  difficulty of m easuring  o rb ita l inclina­
tions com m on to  all form s of close b inary , b u t also because 
it  is h a rd  to  m easure th e  th e  rad ia l velocities of th e  b inary  
com ponen ts.
T he  op tica l sp ec tra  of m ost C V s are d om ina ted  by em is­
sion from  accreting  m ateria l, ra th e r  th a n  th e  w hite  dw arf. 
In  th e  case of non-m agnetic  system s, th e  em ission lines are 
form ed in discs, and  o ften  have a double-peaked shape re­
su lting  from  th e  D oppler sh ift of m a tte r  ro ta tin g  in a Ke- 
p lerian  d isc. T he  high-velocity  w ings of th e  em ission lines 
are  expected  to  form  close to  th e  w h ite  dw arf, w here it  is 
hoped  th e  flow is ax i-sym m etric. If so, these  wings should 
tra ce  th e  m otion  of th e  w hite dw arf. T h is  is th e  idea beh ind  
m any  stud ies of CVs. However, th is  m ethod  fails in  p rac­
tice : in  those system s in  w hich one has independen t know l­
edge of th e  o rb ita l phase, th e  em ission line rad ia l velocities
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invariably  fail to  m a tch  expec ta tions (Stover 1981). N ev­
ertheless, th e  w hite dw arf velocities m easured  in  th is  way 
are  still used for m ass d e te rm ina tion , p e rh ap s because th ere  
has no t been  any d irec t evidence for th e  m agn itude  of th e  
d is to rtion . T h is  changed after Long & G illiland (1999) m ea­
su red  d irectly  th e  rad ia l velocity sem i-am plitude of th e  w hite 
dw arf in  U G em  from  narrow  photospheric  lines visible in  
th e  u ltrav io let. In  th is  case, th e  phase agreed perfectly  w ith  
th e  p red ic ted  con junction  phase. Long & G illiland (1999) 
m easured  K 1 =  107 ±  2 k m s - 1 . T he  d irec t n a tu re  of th is  
m easurem ent m akes it  th e  m ost accura te  to  d a te  for any 
CV, and  gives us th e  chance to  te s t w hat th e  n a tu re  of th e  
d is to rtio n  of th e  em ission line m easurem en ts in  one system  
a t least. O ne o th e r C V  for w hich we have a  good estim ate  of 
K 1 is A E  A qr (W elsh e t al 1995). In  th is  case K 1 is m easured  
from  th e  pu lsa tions of th e  w hite dw arf. However, A E  A qr is 
a very unusual CV w ith  flaring em ission lines th a t  are no t 
su ited  to  tes tin g  th e  general m eth o d  of m easuring  K 1 from  
line emission.
U G em  is in teresting  from  several o th e r po in ts of view: 
it  is a  double-lined, partia lly -eclipsing  system , and  is one 
of th e  b righ test dw arf novae. I t  has p rom inen t em ission 
from  th e  gas s tre am /d isc  im pact region w hich has a velocity 
in -betw een th a t  of a K eplerian  disc and  a  ballistic s tream  
(M arsh  et al. 1990). F inally , du ring  o u tb u rs t it has show n 
sp iral shocks (G root 2001). W e will see th a t  ou r new  d a ta  
has som ething to  te ll us on all of these  issues.
2 OBSERVATIONS A N D  R E D U C T IO N
T he observations were tak en  in  Jan u ary  2001 a t L a P a lm a 
(see T able  1 for de tails). T he  4.2-m  W illiam  H erschel Tele­
scope (W H T ) was used w ith  th e  double-beam ed ISIS spec­
tro g rap h . Two da ta se ts , covering w avelength ranges around  
H a  and  H ft were acquired  using th e  h ighest reso lu tion  g ra t­
ings. T he  sp ec tro g rap h ’s slit was o rien ted  a t a  position  angle 
o f 150.6° to  include a com parison s ta r  for slit loss correc­
tions.
T he  spec tropho tom etric  s ta n d a rd  HD19445 and  one 
featureless s ta r  were observed during  th e  n igh ts w ith  best 
seeing (~ 0 .7 ” ) for flux ca lib ra tion  and  to  rem ove th e  effect 
of telluric lines on th e  red  d a ta  (Bessell 1999). F lat-fields 
and  com parison arc sp ec tra  were tak en  approx im ately  every 
60 m inu tes for th e  red  and  th e  b lue d a ta se t. T he  w eather 
was clear th ro u g h o u t m ost of ou r ru n  w ith  seeing of o rder 1 
arcsecond for m ost of it.
T he  sp ec tra  were op tim ally  ex trac ted  (M arsh  1989), 
w ith  flat fields in te rp o la ted  from  th e  m any tak en  during  
th e  n igh t. T he  w avelength scales were in te rp o la ted  from  th e  
neares t two arc spectra . Slit losses were corrected  using th e  
ra tio  of th e  sp ec tra  of th e  com parison s ta r  to  a  spec trum  
tak en  w ith  a  w ide slit close to  th e  zenith .
3 RESULTS
3.1 Average spectrum
Fig. 1 shows th e  average sp ec tru m  of U G em  during  our run. 
U G em  shows b road  B alm er (H a , H ft) and  Fe II 4923.92 A 
(hereafter Fe II) emission. He I 6678.149 A (hereafter He I ) 
and  th e  high exc ita tion  line He II 4685.750 A (hereafter He II)
are  also p resen t, th e  la tte r  only obvious in  tra iled  sp ec tra  
however. N ex t to  Fe II 4923.92 th ere  is em ission a t an  un id en ­
tified w avelength (Fe II 5018.44 A or He I 5015), which, as we 
will see la ter, in troduces som e co n tam ina tion  in  Fe II.
T he  B -b an d  line profiles show th e  double-peaked s tru c ­
tu re  o ften  seen in  CVs, and  a ttr ib u te d  to  th e  presence of a 
ro ta tin g  accretion  disc a round  th e  com pact ob ject. T he  R- 
b an d  profiles exh ib it a  cen tra l s ta tio n a ry  com ponent w hich 
is rem iniscent of sim ilar fea tu res seen in  a  handfu l of o ther 
system s. We discuss th is  com ponent in  d e ta il in  Section
3.4.2.
3.2 Light curves
W e com puted  light curves of sections of th e  continuum , 
avoiding em ission lines (6400-6480 A, 4620-4650 A and  4720­
4470 A ), and  also of em ission lines a fter con tinuum  su b trac ­
tion , sum m ing th e  flux w ith in  20 0 0  km  s - 1  o f th e  line centre. 
E xceptions were m ade for Fe II, for w hich we used th e  range 
from  -1 5 0 0  to  + 1500 k m s - 1  in  o rder to  p reven t con tam i­
n a tio n  from  th e  wings of H ft, and  He II for w hich we used 
± 6 5 0  k m s - 1  due to  th e  narrow ness of th e  em ission. T he 
resu lts  are p lo tted  in  F igure 2. W e used th e  ephem eris of 
M arsh  e t al. (1990) u p d a te d  from  a recen t m easurem en t of 
th e  inferior con junction  of th e  red  s ta r  (N aylor e t al. 2005) 
so th a t  zero phase occurs a t T D B  =  2451915.8618 ±  0.0002.
B o th  th e  b lue and  th e  red con tinuum  light curves d is­
p lay sm ooth , m odera te ly  deep, narrow  eclipses ju s t a fter 
phase 0. T h is is th e  eclipse of th e  gas s tre am /d isc  im pact 
region, or “b rig h t-sp o t” a t th e  edge of th e  disc. T he  w hite 
dw arf is n o t eclipsed in  U G em
T he light curves of H a  and  H ft show b road  hum ps 
a round  phases 0.25 and  0.75. T he  hum ps are m ore m arked 
in  H a ,  w hich m akes us th in k  th a t  th ey  are largely due to  el­
lipsoidal m odu la tions p roduced  by th e  R oche defo rm ation  of 
th e  m ass donor, w hich we expect to  be stronger in  red  light. 
T he  m ore com plex s tru c tu re  of th e  hum p in 0.75 is expected  
if th a t  one is caused by a m ix tu re  of ellipsoidal m odu la tions 
and  varia tions in  th e  s tre n g th  of em ission from  th e  brigh t- 
spo t. T he  light curves also d isplay a shallow eclipse roughly 
cen tred  a round  phase 0 , and  ex tend ing  sym m etrically  ~ 0.1 
in  phase to  b o th  sides. T h is  is p roduced  by th e  m ass donor 
passing in front of th e  o u te r p a r t of th e  accretion  disc.
In  H e II th e  eclipse occurs slightly  a fter phase 0. We 
will see in  th e  following sections th a t  th is  is because He II 
is d om ina ted  by em ission from  th e  b righ t-spo t. T he  peak  
of light n ear phase 0.9 is consisten t w ith  th e  o rb ita l hum ps 
de tec ted  in th e  continua. By co n trast, th e  B alm er lines are 
h a rd ly  eclipsed ind icative of a re latively  sm all co n trib u tio n  
from  th e  b rig h t-sp o t to  these  lines.
T he  light curve of He I is strongly  m odu la ted , w ith  th e  
p eak  flux a t phase 0.3-0.4 caused by an  increase in  th e  con­
tr ib u tio n  of th e  b rig h t-sp o t (discussed in  th e  following sec­
tions).
3.3 Trailed spectra
Figures 3 and  4 show th e  average tra iled  spec tra . Em ission 
lines of He II, H ft and  Fe II, H a  and  H e I are visible. T he 
tra iled  sp ec tra  show a rem arkably  rich  m ix of features. Some 
of these are well-known from  earlier w ork on U G em  (Stover
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F ig u re  1. The average spectrum of U Gem. Note the change in the vertical scale between the two wavelength ranges.
«
E'u ­
w=■
E
3 -
E
E
e:
ï  -
E «t«- -»
3 d
i. 3
> CttliLihuum
f i r  t
■>"*—It W V ^ '
V L/W V *h" r
A /•
Cürtünuuiii ¡red)
:? w yt ► . s/y* > *
l b
" t  *
p
<wV 1#M
ft fl * ■ s«* ■
VV^ AVÌ
1
J u i  J i
V V \d J. rw / V \
1 i.6 1 JLd 
OrbiinJ c /ü le
F ig u re  2. Continuum and emission light curves
f l i  T  T i  a l £  l i . h  13 1 ;!. b  LB L B i  LÛ I E l i
Orbita] ojpole OrbitnJ çyulo Orbitai cjpule
of the W HT/ISIS data. The zero-point of the phase is cycle 80740 on our ephemeris.
4 U nda-Sanzana1, E., M arsh2, T. R ., M orales-Rueda3, L.
T ab le  1. Summary of the observations. In this table MD stands for ’mean dispersion’. T  is the mean exposure tim e per frame and DT 
is the average dead tim e between exposures. N is the number of spectra obtained per night per arm.
CCD Grating Date Start - End Orbits A range MD FWHM T /D T N
(UT) covered (A) (A pixel- 1 ) (A) (s)
EEV12 H2400B 12/13 Jan 2001 22:14-05:32 1.719 4618-4985 0.21 0.42 120/12 182
TEK4 R1200R 12/13 Jan 2001 22:14-05:32 1.719 6343-6751 0.40 0.80 50/6 419
EEV12 H2400B 13/14 Jan 2001 21:08-03:54 1.594 4618-4985 0.21 0.42 120/12 176
TEK4 R1200R 13/14 Jan 2001 21:08-03:54 1.594 6343-6751 0.40 0.80 50/6 410
EEV12 H2400B 14/15 Jan 2001 21:44-02:07 1.032 4618-4985 0.21 0.42 120/12 112
TEK4 R1200R 14/15 Jan 2001 21:44-02:07 1.032 6343-6751 0.40 0.80 50/6 259
EEV12 H2400B 15/16 Jan 2001 21:22-04:49 1.755 4618-4985 0.21 0.42 120/12 191
TEK4 R1200R 15/16 Jan 2001 21:22-04:49 1.755 6343-6751 0.40 0.80 50/6 442
He II 4685.75 & H/3 Fe II 4923.92 &
4650 4700 4750 4800 4850 4900 4950
Wavelength (A)
F ig u re  3. The blue spectra binned into 100 bins of orbital phase. To cope with the large dynamic range of the features we use 3 different 
normalisations running from the continuum level to  0.5, 7.0 and 2.0 m Jy above continuum for Fe II, He II and Fe II respectively.
1981; M arsh  e t al 1990) and  re la ted  system s; o thers  are seen 
here  for th e  first tim e.
T he  light curves discussed in  Section 3.2 reveal some 
flaring, m ore conspicuous in  H ft. We looked for m atches of 
th is behav iour in  th e  tra iled  spec tra , finding good corre­
spondence in  th e  case of B alm er lines. T he  fea tu res are also 
stronger a t h igh velocities. T h is ind ica tes th a t  th e  inner ac­
cretion  disc is th e  likely source. We found no clear ind ica tion  
of these flares in  He II, He I o r Fe II.
3.3.1 S tandard features in  the trailed, spectra
T he lines show several well-know fea tu res of C V  sp ec tra  such 
double-peaked em ission from  th e  disc, an  em ission ’S ’-wave 
from  th e  gas s tre am /d isc  im pac t po in t and  em ission from 
th e  m ass donor s ta r. T hese occur w ith  varying s tren g th . T he 
double-peaked em ission from  th e  discs is b es t seen in  H ft, 
while th e  em ission from  th e  donor s ta r  is m ost obvious in  
H a  and  Fe II (Fig. 3 ) . T he  la tte r  line in  p a rticu la r shows th a t  
th e  em ission from  th e  donor s ta r  fades a round  th e  tim e of 
eclipse, ind ica ting  th a t  it is concen tra ted  on th e  side facing 
th e  w hite dw arf. T h is  suggests th a t  th e  em ission is triggered  
by irrad ia tio n  from  th e  accretion  regions.
T he  b rig h t-sp o t S-wave is especially clear in  th e  light 
of He II (Fig. 3) w hich has no visible disc co n trib u tio n  a t 
all. T he  He II tra il reveals th a t  th e  S-wave itself is sp lit in to  
two, w ith  one b road  com ponent, b u t in  ad d ition  a very n a r­
row com ponent w hich executes a  som ew hat different p a th  
from  its  com panion.. W e discuss these in  Section 3.4.1 af­
te r  we presen t D oppler m aps of our d a ta . From  th e  D oppler 
analysis we conclude th a t  b o th  these S-waves come from  th e  
b rig h t-sp o t region.
T he  effect of th e  p a rtia l eclipse on th e  lines is relatively  
sub tle  in  m ost lines, b u t is clearly seen in  H a  as a  region of 
low flux ru nn ing  diagonally  betw een th e  double-peaks from  
th e  lower-left tow ards th e  u p p er-righ t betw een phases 0.95 
and  0.05. T h is  is th e  effect of eclipsing D oppler-sh ifted  em is­
sion from  a prograde ro ta tin g  disc (G reenstein  & K raft 1959; 
Y oung & Schneider 1980). W e will use th e  eclipse in sec­
tio n  3.5 to  m easure th e  o rb ita l inc lina tion  of U Gem.
We now look a t new  fea tu res revealed by th e  h igh signal- 
to-noise of ou r d a ta .
3.3 .2  Low -velocity absorption and em ission
In  H a ,  b u t m ore obviously still in  especially H ft (F igure 5 ) , 
a  narrow  abso rp tion  fea tu re  ap p ears  a t line cen tre  im m edi­
ate ly  before eclipse betw een phases 0.91 and  0.98. To our 
know ledge, no th ing  like th is  fea tu re  has been  seen before in  
U G em  or any o th er system . I t  could be presen t now either 
because of th e  im proved d a ta  quality  or because of a tru e  
change of s tru c tu re  in  th e  system .
Also in  H a , and  m ore clearly in  He I , th e re  is em ission 
a t  low, alm ost zero velocity, visible as a vertica l line in  He I .
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F ig u re  4. The red spectra binned into 200 bins of orbital phase. We reserve a panel to  show the many features seen in the continumm 
near Ha. The maximum plotted levels are: 1, 28 and 2 mJy above the continuum level for the continuum region, H a  and He I respectively.
F ig u re  5. The H 3  data  without phase-binning. Cycle 0 has been 
set to  the cycle 80740 according to  the ephemeris used in this 
paper.
W e refer to  th is  as “th e  low -velocity em ission” . Such em is­
sion is h a rd  to  u n d e rs tan d  because th e re  is no p a r t of th e  
system  th a t  is s ta tio n a ry  in  th is  m anner.
3 .3 .3  Low-level structure in  the continuum
T he con tinuum  seen in  F igure  4 shows a m ass of lines a t 
a  low level of flux. In  several of these lines a m odu la tion  
is seen resem bling th e  one p roduced  by th e  m ass do n o r’s 
o rb ita l m otion, so we a tte m p te d  to  tra ck  th e  source of th e  
lines. To im prove th e  S /N  of th is  region we phase b inned  th e  
sp ec tra  in  50 phases. T h en  we selected one of th e  sp ec tra  as 
a tem p la te  and  did  a cross-correlation  w ith  th e  set of phase
b inned  d a ta , backpro jec ting  la te r th e  resu lt in  w hat is called 
a  skew -m ap (Sm ith , D hillon & M arsh  1998). T h is  procedure 
showed th a t  th e  fea tu res do indeed tra c k  th e  m otion  of th e  
ir rad ia ted  face of th e  donor, having th e  correct phase and  a 
sem i-am plitude K  =  210 k m s - 1  (see Section  3 .4 .5).
We deduce th a t  th e  fea tu res are line em ission from  th e  
irrad ia ted  face of th e  donor. We could n o t m ake secure iden­
tifications for th e  lines, a lthough  several m a tch  th e  wave­
lengths of FeII lines.
3.4 Doppler tom ography
To u n d e rs tan d  th e  fea tu res p resen t in  our tra iled  spectra , 
we used D oppler tom ography  to  s tu d y  th e  em ission lines. 
T h is techn ique com bines all th e  in fo rm ation  observed in th e  
tra iled  sp ec tra  and  generates a rep resen ta tion  of th e  system  
in velocity coordinates. D ue to  th e  cu rren t lack of u n d e r­
stand ing  of how th e  sy s tem ’s velocity coord inates should  be 
tran s la ted  to  position  coord inates, it  is no t possible to  get a 
d irect p ic tu re  of th e  b inary  s ta r, and  so th e  in te rp re ta tio n  is 
carried  ou t in velocity coord inates. T h is allows a  v isual sepa­
ra tio n  of th e  con tribu tions from  different p a r ts  of th e  b inary  
s ta r  (e.g. th e  m ass donor, th e  b rig h t spo t, th e  accretion  disc, 
e tc .), and  p erm its  com parison w ith  theo re tica l pred ictions 
u nder som e rough  assum ptions (e.g. K ep lerian  regim e). For 
a th o rough  p resen ta tio n  of th e  sub jec t see M arsh  & H orne 
(1988).
In  Figs. 6 and  7 we p resen t th e  tom ogram s for th e  
d a ta . T he  sp ec tra  tak en  during  eclipse were excluded from  
th e  co m p u ta tio n  of th e  m aps, b u t th ey  were included  as a 
tem p la te  for th e  ca lcu lation  of th e  syn thetic  sp ec tra  com ­
p u ted  back  from  th e  tom ogram s (th ird  row from  th e  top  
in  th e  figures). We p lo t th e  ou tline of th e  R oche lobe of 
th e  m ass donor over th e  tom ogram s. T h is was ca lcu la ted  by 
assum ing K 1 =  107.1 k m s - 1  (Long & G illiland 1999) and 
K 2 =  2 9 8 k m s - 1 . We have already  explained w hy K 1 is a 
good assum ption. K 2 is a  com bination  of th e  th ree  published  
values (W ade 1981, F riend e t al. 1990, N aylor e t al. 2005), 
w hich are consisten t w ith  each o ther.
We p lo t tw o velocity tra jec to ries . T he  lower of th e  two 
is th e  velocity of a ballistic gas stream . T he  u p p er one is th e
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F ig u re  6 . Doppler tomography for the blue arm. From top to  bottom  the rows show: 1) the Doppler tomograms, 2) the observed 
spectra from which the tomograms were calculated, 3) synthetic data  computed from the tomograms, and 4) the tomograms after the 
symmetrical part around (0,-107.1) k m s - 1  was subtracted. The tomograms include an outline of the Roche lobe of the mass donor and 
two velocity trajectories for the stream. All scales start from zero with uppermost levels chosen to  improve the visualization of details. 
W ith the exception of the th ird  row (from top to  bottom), which is evenly saturated at 90 per cent of the peak flux, the first column is 
saturated at 50 per cent, the second a t 80 per cent, and the third a t 60 per cent. See tex t for a thorough description of the features seen 
in the tomograms.
velocity of th e  disc, assum ing a K ep lerian  field, a t positions 
along th e  stream . T he  d is tance  to  th e  w hite  dw arf is m arked 
in these p a th s  by sm all circles a t in tervals of 0.1  tim es th e  
d is tance  of th e  inner L agrang ian  po in t (R L1). E ach  tra je c ­
to ry  is p lo tted  from  1.0R L1 to  0 .4R L1 (leftm ost value).
As expected  from  th e  discussion of th e  tra iled  spectra , 
n e ither th e  disc no r th e  m ass donor is de tec ted  in  th e  He II 
tom ogram  b u t th e  b rig h t spo t is clearly resolved. In  He I th e  
disc is alm ost u n d e tec tab le , b u t b o th  th e  m ass donor and  th e  
b righ t spo t have strong  em ission. A dditionally , th e  He I and
H a  tom ogram s show a blob of em ission a round  th e  cen tre  of 
m ass of th e  system , th e  tom ographic  equivalent of th e  “low 
velocity em ission” we discussed earlier. B o th  th e  disc and 
th e  m ass donor are clearly seen in H a , H ft and  Fe II, th e  
b righ t spo t appearing  w ith  varying degrees of stren g th . T he 
presence of th e  m ass donor in  these  tom ogram s is used la te r 
for a s tu d y  of disc shielding (Section 3 .4 .5 ).
T he  tom ogram  for Fe II displays tw o e x tra  features. 
F irs t, ra th e r  like He II, th ere  is a very sharp  sp o t seen above 
th e  p a th  of K eplerian  disc velocities. Im m ediately  below th is
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F ig u re  7. Doppler tomography for the red arm. See Fig. 6 for further details of the display. W ith the exception of the th ird  row (from 
top to  bottom ), which is evenly saturated at 90 per cent of the peak flux, the left column is saturated a t 80 per cent and the right column 
a t 70 per cent.
sp o t th e re  is a low in tensity  region. T h is  corresponds to  th e  
abso rp tion  line ’S ’-wave seen in  th e  tra iled  sp ec tru m  of th is  
line (Fig. 6 ) . T h is is p robab ly  th e  abso rp tion  equivalent of 
th e  sharp  em ission seen in  He II. However, because th is  is 
only seen clearly over a  very res tric ted  range of phases (0.15 
to  0.45), th e  em ission spo t gives a phase m odu la tion  -  in  
o th e r w ords it is likely to  be an  a rte fac t and  its  d isp lacem ent 
from  th e  He II em ission spo t is p robab ly  n o t significant. We 
conclude th a t  b o th  th e  He II em ission and  Fe II abso rp tion  
come from  th e  sam e well-defined s tru c tu re  associated  w ith  
th e  gas stream  im pact. T he  sp iral seen in  th e  u p p er-righ t 
q u ad ran t of th e  Fe II m ap  is caused by th e  con tam ina tion
from  a nearby  line w hich can  be  seen on th e  rig h t-h an d  side 
of th e  tra iled  spectrum .
T he  b o tto m  row  in  F igures 6 and  7 show th e  tom o­
gram s a fter we su b trac te d  th e  sym m etrica l p a r t around  
(0 ,-1 0 7 .1 ) k m s - 1 . E ven a fter d iscarding th e  con tam ina tion  
in  Fe II, we still see sp iral s tru c tu re  in  th is  m ap , and  also in  
H a  and  H ft. T h is is fu r th e r discussed in  Section 3.4.4.
3.4.1 Location o f the bright spot
In  add ition  to  th e  sh arp  b righ t spo t close to  th e  K eplerian  
s tream  tra je c to ry  th a t  we see in  th e  He II m ap , we find a 
diffuse blob of em ission. T h is is located  along th e  line th a t
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F ig u re  8 . Blow up of the He II tomogram in the bright spot 
region. The dashed lines connect the velocity of the ballistic gas 
stream (black lower trajectory) and the velocity on the Keplerian 
disc along the gas stream (black upper trajectory) for the same 
points at distances of 0.4, 0.5 and 0.6 R l 1 to  the white dwarf 
(right to  left). For the dotted trajectory see text.
connects th e  sharp  fea tu re  to  th e  m atch ing  sp a tia l po in t 
th a t  has th e  ballistic velocity p red ic ted  for th e  stream  (see 
F igure 8 ) , a t ~ 0 .5 R L1. T he  presence of th e  blob ind icates 
th a t  a  m ix tu re  of velocities coexist in  th e  b righ t spo t, th e  
stream  ad justing  to  th e  velocities on th e  o u te r zones of th e  
K ep lerian  disc (already  no ted  by M arsh  e t al. 1990). T he 
value ~ 0 .5 R L1 (0.3 in  u n its  of th e  o rb ita l separa tion  a) is 
consisten t w ith  observations by Sm ak (1984) and  is sm aller 
th a n  th e  rad iu s  o f th e  tidally  lim ited  accretion  disc (0.44a, 
see W arner 1995).
A ssum ing th a t  th e  position  of th e  b righ t sp o t d id  no t 
change significantly  du ring  our observations, we can  use th e  
sh arp  fea tu re  to  estim ate  th e  b rig h t sp o t’s az im u tha l lo­
ca tion  by tre a tin g  th e  gas s tream /d isc  im pac t po in t as a 
po in t co ro ta ting  like a rigid body  w ith  th e  system . W e con­
clude th a t  th e  b rig h t spo t is face-on w hen th e  system  reaches 
phase ~ 0 .95 , w hich is com patib le  w ith  previous resu lts  ob ­
ta in ed  from  reconstruc ted  light curves (e.g. Sm ak 1971).
T he  agreem ent betw een th e  position  of th e  sh arp  fea­
tu re  and  th e  p red ic ted  p a th  is n o t perfect, so we tu rn  our 
a tte n tio n  to  possible causes. T he  p a th  for th e  K eplerian  disc 
velocities changes w ith  K 2, so one possib ility  is th a t  a  b e tte r  
value of K 2 is needed, th e  prob lem  being th a t  m easurem ents 
o f K 2 are affected by irrad ia tio n  and  th e  corrections needed 
are  n o t entirely  ce rta in  (Friend e t al 1990; N aylor e t al 2005). 
W e calcu late  th a t  K 2 ~  315 k m s - 1  p roduces a  good fit. T his 
value for K 2 is no t m uch higher th a n  th e  published  values,
i.e. 283 ±  15 k m s - 1  (W ade 1981), 298 ±  9 k m s - 1  (Friend et 
al. 1990), 302 k m s - 1  (N aylor et al 2005). Still, it  is w orth  
considering o th e r possible causes.
T he  p red ic ted  stream  p a th  is based up o n  circular, Ke- 
p lerian  o rb its  w ith in  th e  disc. However, th e  disc should  be 
d is to rted  by 3-body effects, especially in  its  o u te r regions 
(Paczynski 1977). We com puted  th e  velocity of th e  K eple-
rian  disc along th e  p a th  of th e  stream  allowing for such ef­
fects. T he  resu lts  are p lo tted  as th e  d o tte d  line in  Fig. 8 , 
ex tend ing  as far as th e  largest non-in tersecting  o rb it a t 
~ 0 .6 R L1. A t rad ii sm aller th a n  ~ 0 .4 R L1 th e  th ree  body  ef­
fects are  negligible, b u t th ey  do a lte r th e  p red ic ted  velocities 
in  th e  righ t d irection , a lthough  n o t by enough on th e ir  own. 
Now however, K 2 need only be  ~  30 8 k m s -1  to  fit, w hich 
is com patib le  w ith  W ade’s, F riend e t a l’s and  N aylor e t a l’s 
m easurem ents.
P e rh ap s th e  m ost rem arkable  characteristic  of th e  spo t 
is how narrow  it is, being unresolved even a t a  reso lu tion  of 
R  ~  10,000. T his, and  th e  close m a tch  to  th e  K eplerian  disc 
velocity along th e  stream , suggests th a t  it m ust come from  
th e  disc im m ediately  p rio r to  th e  s tre a m /d isk  im pact region. 
I t  could only do so by irrad ia tio n  from  th e  m ain  im pac t site. 
T h is  does no t give a corresponding fea tu re  a t th e  ballistic 
stream  velocity, possibly because of th e  lower density  of th e  
stream .
In  co n tra s t w ith  th e  narrow  sp o t in H eII, th e  o th e r m aps 
show a m ore diffuse fea tu re  w hich lies betw een th e  tw o p re ­
d ic ted  stream  p a th s . M arsh  e t al (1990) ascribed th is  em is­
sion to  th e  p o st-im p ac t flow, w ith  gas tak in g  a  velocity in ­
te rm ed ia te  betw een th e  ballistic  stream  and  th e  K eplerian  
disc. T he  ex trao rd in a ry  fea tu re  of th is  em ission, w hich was 
n o t clear a t th e  lower reso lu tion  of M arsh  e t a l’s study, is 
th a t  it  appears to  ex tend  all th e  way to  th e  secondary  s ta r  
(Figs 6 and  Fig. 7 ). T h is should no t be  possible because it 
w ould require  th e  disc to  ex tend  well beyond its  tid a l radius. 
T here  is a  sim ilar extension  to  h igh  velocities w hich we will 
discuss in  following sections. W e have no exp lana tion  for 
e ither of these features.
3.4 .2  Low velocity em ission
In  th e  case of th e  H a  D oppler m ap , th e  low velocity  em ission 
is oddly  asym m etric , d isplaying an  elongated  crescent-m oon 
(Fig. 7 ). A fter su b trac tin g  th e  sym m etrical p a r t  around  
( 0 , -  107.1) km  s - 1  from  th e  tom ogram , th e  blob reveals 
again  a crescent shape. N o rth  e t al. (2001) found a sim i­
la r shape  in  V426 O p h ’s low velocity emission.
Sim ilar low velocity em ission has been  rep o rted  for 
o th e r CVs. A sum m ary  of such rep o rts  is given in  Table 2. 
T here  is no reason for any com ponent of th e  system  to  be 
a t  res t near th e  cen tre  of m ass, unless th e  m ass ra tio  q has 
an  ex trem e value. T h is is th e  case for exam ple for G P  Com  
for w hich q ~  0 .0 2  allows one to  m ake th e  case for th e  w hite 
dw arf to  be  responsible for th e  low -velocity em ission it d is­
p lays (M orales-R ueda e t al. 2003). In  all th e  o th er cases th e  
em ission is seen e ither a t th e  cen tre  of m ass or som ew hat 
displaced tow ards th e  m ass donor. S teeghs e t al. (1996) sug­
gested  th a t  th e  em ission was from  gas o rig inating  in  th e  m ass 
donor, b u t tra p p e d  in  a prom inence p roduced  by a  com bina­
tio n  of m agnetic , g rav ita tio n a l and  centrifugal forces w ith in  
th e  ro ta tin g  b inary  system . T he  prom inence w ould th e n  be 
irrad ia ted  by th e  com pact ob jec t and  th e  disc, allowing its 
d e tec tio n  as a  com ponent co ro ta ting  as a rigid b o d y  w ith  
th e  m ass donor.
T hese “slingshot p rom inences” , if sim ilar to  th e  p rom i­
nences observed in  single s ta rs , could be located  u p  to  sev­
eral rad ii from  th e  m agnetic  s ta r  (e.g. Collier C am eron  et 
al. 1990). If  th e  p rom inence behaves like th e  ones we ob­
serve on th e  Sun and  rap id ly  ro ta tin g  s ta rs  like AB D or (see
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Collier C am eron  e t al. 1999), we should  expect th em  to  be 
short-lived. Four n igh ts should  p erhaps have h in ted  a t a  vari­
a tio n  either in  flux or in  size, b u t th e  fea tu re  is consistent 
from  n igh t to  n ight. O n th e  o th e r hand , th e re  is evidence 
th a t  loops on single s ta rs  could las t ~ 1  d (7  Cas, S m ith  
et al. 1998). P e rh ap s u n d er ce rta in  conditions prom inences 
could last for longer. T here  m ight be a com m on origin for 
th e  low velocity em ission and  th e  low velocity abso rp tion  
(section 3.3.2) if th e  gas tra p p e d  in  th e  prom inences passes 
across th e  w hite  dw arf a t th e  tim e of eclipse, w hich seems 
qu ite  possible.
3 .4 .3  Stream -disc overflow?
Sim ulations of th e  stream  in  U G em  by K unze e t al. (2001) 
p red ic t th a t  m ore th a n  h a lf th e  stream  overflows th e  ou ter 
edge of th e  disc. W ith  h igh signal-to-noise ra tio  and  sm ooth  
disc profiles, our d a ta  are very well su ited  to  d e tec tion  of 
such overflow w hich can  be  expected  to  cause em isison along 
th e  p a th  of th e  stream  up  to  th e  po in t of closest approach  
to  th e  w hite dw arf (Livio e t al. 1986; A rm itage & Livio 
1998; Lubow  1989). In  U G em  th e  p o in t of closest approach  
is ~  0.13 R l 1 from  th e  w hite  dw arf, and  in  velocity space 
corresponds to  a region in  th e  lower righ t q u ad ran t of th e  
D oppler m aps of F igs 6 and  7. To search  m ore rigourously, 
we su b tra c t th e  sm oo th  background  from  th e  disc by u s­
ing an  ellip tical isophote  fitting  procedure  described in  A p­
pend ix  A. A fter perform ing th e  su b trac tio n  we o b ta ined  th e  
tom ogram s seen in  Fig. 9, w hich are scaled to  only 3% of 
th e  p eak  heigh t of th e  raw  tom ogram s. T he  b righ t spo t is 
clear in  th e  m aps, b u t th e re  is no evidence of stream -disc 
overflow along th e  p a th  of th e  stream  even a t th is  low level. 
In  o rder to  quan tify  th is  resu lt we m easured  averages and 
peak  values over several sam ples of th e  region along w hich 
th e  hyp o th e tica l overflow would travel, before and  after th e  
su b trac tio n  of th e  ellip tical continuum . By com paring  those 
values we conclude th a t  any possible overflow would con­
tr ib u te  less th a n  3 ±  2% to  th e  flux from  th e  disc surface.
Fig. 9 does show an  excess ex tend ing  up  and  to  th e  
left of th e  m ain  d isc /s tre am  im pact region to  well over 
1000k m s - 1 . A sim ilar effect was seen in  E X  D ra  (B illington 
& M arsh  1996) w ho suggested th a t  non-k inem atic  b ro ad en ­
ing, such as S ta rk  b roadening , could be responsible.
3.4.4 Spiral shocks in  quiescence
Figure 9 reveals th e  presence of w eak sp iral s tru c tu re  near 
th e  level of th e  con tinuum  (we refer here to  th e  s tru c tu re  
w ith in  1000 k m s - 1  of th e  cen tre  of th e  im ages). In  F ig­
ure  10  we show th e  m aps w ith  contours of sp iral shocks 
observed during  o u tb u rs t (S teeghs, M orales-R ueda & G root 
in p rep ara tio n ) w hich line up  well w ith  th e  asym m etries th a t  
we see in  quiescence. T h is sp iral s tru c tu re  has been  p rev i­
ously rep o rted  for U G em  in o u tb u rs t (G root 2001), m aking 
it one of a handfu l of system s in  w hich th e  phenom enon has 
been  detec ted . W e em phasize th a t  th e  am p litude  of th e  spi­
ra l s tru c tu re  we find here is fa r  less th a n  th a t  suggested by 
N eustroev  and  Borisov (1998) for th e  sam e system . T heir 
d a ta  shows pronounced  asym m etries, b u t were tak en  w ith  
poor spec tra l and  phase resolution , and  m ost im portan tly , 
w ithou t com plete o rb ita l coverage. In  co n tras t our raw  m aps
F ig u re  9. H a  and H 3  tomograms after subtraction of an ellipti­
cal background. The ellipses used to  interpolate the background 
are plotted with dashed lines. The grey solid lines are the Keple­
rian disc and ballistic stream velocities for the stream path. The 
tomograms are saturated at only 3% of the maximum level of the 
unsubtracted maps.
are very sym m etric. W e believe th e ir  claim  of strong  spiral 
s tru c tu re  to  be  incorrect, and  a  resu lt of th e  difficulty of in ­
te rp re tin g  th e  com plex varia tions of U G em  w ith  inadequa te  
o rb ita l coverage.
T he  presence of sp iral s tru c tu re  in  th e  disc has been  
regarded  as evidence of “sp iral shocks” (Steeghs, H arlaftis
& H orne 1998), w hich h ad  been  p red ic ted  in  sim ulations of 
accretion  discs (see M atsu d a  e t al. 2000 for a review). T he 
spiral shock in te rp re ta tio n  requires th e  presence of large or 
unusually  ho t discs. T h is  p ro m p ted  Sm ak (2001) and  Ogilvie 
(2 0 0 2 ) to  p ropose a lte rna tives to  th e  sp iral shocks to  explain  
th e  phenom enon. T hey  suggest th a t  th e  sp iral fea tu res re­
vealed by D oppler tom ography  could be  explained as th e  
consequence of 3-body effects (Paczynski 1977). Ogilvie ex­
ten d s  th e  m odel of Paczynski from  2 to  3 dim ensions, allow­
ing for a com plete set of physical conditions in  his m odel. 
He concludes th a t ,  due to  tid a l d is to rtions, som e regions of 
th e  disc w ould th icken, la te r  being irrad ia ted  by th e  w hite 
dwarf. T he  p a tte rn  of th ickening w ould be  slightly  spiral, 
b u t no waves or shocks w ould be  involved in  th e  process. In  
D oppler tom ography  th e  p a tte rn  w ould show up  as th e  kind 
of open  sp iral s tru c tu re  seen in published  tom ogram s.
T hese two com peting  exp lana tions p red ic t a  different 
evolution  of th e  sp iral s tru c tu re s  from  o u tb u rs t to  quies­
cence. T he  sp iral shock m odel requires h o t m a teria l to  have 
open  spirals. In  quiescence, th e  spirals, if p resen t, are ex­
pected  to  be relatively  tig h tly  w ound (Steeghs and  S tehle
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T ab le  2. Summary of known Doppler tomographic reports of low velocity emission. Under ’S tate’, Q means ’quiescence’, O means 
’outburst’, and NA means ’not applicable’. WD stand for ’white dw arf’ and S1996 for ’Steegs et al. (1996)’.
System State Lines Suggested source Reference
IP Peg O H a Irradiated slingshot prominences S1996
SS Cyg O Balmer, He I , He II Irradiated slingshot prominences S1996
AM Her NA SI IV 1394A, NV 1239A As in S1996 Gansicke et al. (1998)
GP Com NA He I , He II WD (Morales-Rueda et al. 2003) Marsh (1999)
V426 Oph Q H a As in S1996 North et al.(2001)
U Gem Q H a , He I As in S1996 This paper
i ■ i 1 1 i-----  ■ I 1 1 ■ 1 i----- ' : i 1 I— i ' 1 1 1 i ----- | i i  1— r
10QQ 5PQ Q i&OP 1QOO - 1 EKJQ 5UQ 0 500 1I3GD 1000  5 0 0  0  5DP 10GQ
Velocity ( k m / s )  Velocity ( k m / i )  Velocity ( k m / s )
F ig u re  10. Doppler tomograms for the Balmer lines and FeII after the symmetrical part around (0,-107.1) k m s - 1  is subtracted. The 
tomograms are saturated a t 20 per cent of peak level. Superimposed on these tomograms we display isophotes (at 10, 30, 50, 70 and 90 
per cent of peak level) from a tomogram based on outburst observations of U Gem (Steeghs, Morales-Rueda & Groot, in preparation).
1999). A ssum ing th a t  th e  asym m etries th a t  we see are in ­
deed re la ted  to  th e  o u tb u rs t sp iral s tru c tu re , ou r observa­
tions show little  change in  m orphology from  o u tb u rs t to  qu i­
escence, i.e. th e  spirals do n o t app ea r tigh tly  w ound. T his 
argues against th e  sp iral shock m odel as an  ex p lana tion  of 
th e  sp iral s tru c tu re  de tec ted  in  U G em  and  favours O gilvie’s 
(2002) and  S m ak’s (2001) explanation .
A lthough  sim ilar p a tte rn s  are seen in  several lines, we 
rem ain  cau tious ab o u t claim ing a  definitive d e tec tion  of sp i­
ra l s tru c tu re  in th e  quiescent U Gem. W e em phasize again 
th a t  th e  m aps are really extrem ely  sym m etrical, and  given 
th e  presence of s trong  b rig h t-sp o t com ponents w hich have 
s tren g th s  m odu la ted  in  o rb ita l phase, it  is h a rd  to  ru le ou t 
th e  possib ility  th a t  we are seeing low-level artefacts. I t  is 
also w orth  no ting  th a t  th e  size of th e  disc we find from 
th e  b rig h t-sp o t of ~ 0 .3 a  (Section 3.4.1) is close to  th e  m in ­
im um  observed rad ius of U G em ’s disc (Sm ak 1984) and 
well inside th e  tid a l rad iu s  w here one w ould expect O gilvie’s 
and  Sm ak’s m odel to  opera te , let alone tida lly -d riven  sp iral 
shocks.
3.4 .5  D isc shielding
A no tab le  fea tu re  in  m ost of th e  tom ogram s, in  p a rticu la r 
in Fe II, is th e  m ass do n o r’s ir rad ia ted  face. Sm all sections of 
these m aps, cen te red  on th e  donor s ta r, are p resen ted  in  th e  
to p  row of F igure 11. T he  figure shows th a t  th e  irrad ia tion - 
induced em ission avoids th e  eq u a to r of th e  m ass donor, in ­
d icative of shielding by th e  disc (H arlaftis 1999; M orales- 
R u ed a  e t al. 2000). T he  irrad ia tio n  in  H a  and  H ft seems 
to  be  located  fu rth e r from  th e  L1 po in t th a n  for th e  o th er 
lines. T h is  is suggestive of a changing effective th ickness due 
to  w avelength dep en d en t opacity  a t th e  E U V  w avelengths 
needed for pho to ion isa tion  of th e  elem ents involved. T h is 
has been  previously seen in  o th e r C V s (M orales-R ueda et 
al. 2 0 0 0 ).
In  th e  b o tto m  row of F igure  11 we show sim ulated  to ­
m ogram s for a system  w ith  th e  sam e p aram eters  of U G em  
b u t w ith  varying heigh t-to -rad iu s ra tio  (H /R ) in  th e  disc. 
We included som e b roadening  in  th e  sim ulations by con­
volving th e  syn thetic  d a ta se ts  w ith  a gaussian  w ith  F W H M  
15 km  s - 1 . V alues of H /R  from  0.10 to  0.25 were consid­
ered (increasing by 0.05 each tim e). For H /R  >  0.30, th e  
height com pletely  preven ts th e  irrad ia tio n  to  take  place. We 
estim ate  from  th is  th a t  th e  H /R  ra tio  for U G em  is ~0.15 
(H eI ), ~ 0 .20  (FeII) and  ~ 0 .25  (H a  and  H ft) . T hese values 
could be  a little  sm aller if K 2 is larger th a n  we have assum ed 
(raising th e  R oche lobes of F igure 11 ), as suggested by th e  
sharp  spo t in  H eII (section 3 .4 .1 ).
3.5 Inclination angle
Zhang & R obinson  (1987) derived an  o rb ita l inc lina tion  an ­
gle i  =  69.7° for U G em  from  a deta iled  ligh tcurve fitting  
m odel. O th e r estim ates of i have displayed a tre n d  to  som e­
w hat sm aller values, b u t m ain ly  in  th e  region of 65° <  i <
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F ig u re  11. Real and simulated disc shielding. The top row is a close view of those tomograms centered on the mass donor. The lower 
portion of the Roche lobe is not fully irradiated, which is explained by shielding of the mass donor’s equatorial regions due to  an effective 
height of the disc’s outer rim. The bottom  row shows simulations for different H /R  ratios. All the images are saturated at 100 per cent, 
the colour scales starting at zero flux.
of th e  w hite dw arf, w hich fixes M /R , w ith  o ther co nstra in ts  
including inc lina tion  estim ates. T he  problem , sum m arised  in  
Fig. 8 of N aylor e t al. is th a t  th e  g rav ita tio n a l redsh ift gives 
a  ra th e r  sm all rad ius for a  given m ass, w hich only crosses th e  
H am ada-S a lpe te r m ass-rad ius re la tionsh ip  for M 1 1.25 M© 
im plying a t th e  sam e tim e a  low inclina tion  of i  ~  65° 
and  a rad ius well below th e  value p red ic ted  from  U G em ’s 
U V  sp ec tru m  and  para llax  (Long 2000; H arrison  1999). T he 
H am ada-S a lpe te r re la tion  and  th e  rad ius m easured  from  th e  
U V  flux are in  agreem ent for a m uch higher inc lina tion  of 72 
to  74° and  a  lower w hite  dw arf m ass, ~  1.05 M© (N aylor et 
al. 2005), b u t th e n  one m ust suppose th a t  th e  g rav ita tiona l 
redsh ift, a  com bination  of careful m easurem en ts from  th e  
U V  (Long & G illiland 1999) and  I-band  (N aylor e t al. 2005) 
to  be seriously in  error.
In  th is  section  we use th e  eclipse of th e  em ission lines, 
and  specifically th e  h ighest velocity in  th e  lines th a t  is 
eclipsed to  provide a  new  independen t co n stra in t on th e  or­
b ita l inclination . We find a  h igh  inc lina tion  favouring th e  
low-m ass so lu tion  for th e  w hite  dwarf. T he  key po in t is th a t  
in  a  pa rtia lly  eclipsing system , since th e  eclipse does no t 
reach  th e  w hite dw arf, th e re  will be  a velocity  in  th e  lines 
above w hich th e re  is no eclipse. If we can  determ ine  th is  
po in t, we can  m easure th e  inclination . W e do so by sim ­
u la ting  th e  eclipse and  com paring th e  sim ulation  w ith  th e  
d a ta  (F igure 12). T he  to p  panel shows a sim ula ted  tra iled  
sp ec tra  w hen i is set to  69.7°, w ith  K 1 and  K 2 se t to  th e  
values m en tioned  before. T he  th ree  cen tra l panels show real 
d a ta  after rem oval of th e  m ean  spectrum . T he  ex tension  of 
th e  eclipse in  these  panels easily reaches 700 k m s - 1  while 
in  th e  sim ula ted  d a ta  of th e  to p  panel it does n o t go beyond 
550 k m s - 1 . T he  inc lina tion  m ust be larger th a n  69.7°; we 
favour a value of i  ~  72° (lowest panel, F igure 12).
T he  em ission line eclipse strongly  favours th e  low-mass, 
h igh inc lina tion  solu tion  and  is in  conflict w ith  th e  m easure­
m en ts of g rav ita tio n a l redshift. O u r d a ta  allows us to  check 
th e  system ic-velocity  of th e  donor s ta r  w hich is one com po­
n en t of th e  g rav ita tio n a l redshift. W e d id  th is  by su b tra c t­
ing from  th e  d a ta se t th e  o rb ita l m otion  corresponding  to  th e
Velocity (k m /s )
F ig u re  12. The top and bottom  panel show simulated data  of 
the eclipse of the emission lines for 69.7° and 72° respectively. 
The central panels show data  from the Balmer lines. The central 
panels were processed to  improve visibility of the extension of the 
eclipse (see tex t for details). All the panels are saturated at 100 
per cent. Note th a t the data are affected by emission components 
not included in our simulations.
70° . G iven th e  rad ia l velocity sem i-am plitiudes, th e  incli­
n a tio n  determ ines th e  com ponent m asses. Long (2000) and 
m ore recen tly  N aylor e t al (2005) encoun tered  a problem  
w hen com bining a m easurem ent of th e  g rav ita tio n a l redsh ift
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F ig u re  13. The diagnostic diagram for H a . A separation of gaus- 
sians equal to  ~3400 km s - 1 seems appropriate to  avoid most of 
the jum p in noise close to  4000 km s - 1 in the a k / K  plot. This 
separation corresponds to  a plateau in the K  plot, from which 
the value ~95 km s - 1 is read for K 1. The dashed horizontal line 
in the top panel marks the level 107.1 km s - 1 .
2 0 0 a 3000 4000
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F ig u re  14. The diagnostic diagram for H p. A separation of 3000 
or 3200 km s - 1 seems appropriate in this case. This points to  a 
value of 150 km s - 1 for K 1. The dashed horizontal line in the 
top panel marks the level 107.1 km s - 1 .
cen tro id  of th e  m ass d o n o r’s ir rad ia ted  region. T h en  we av­
eraged th e  sp ec tra  in phase ranges for w hich th e  separa tion  
betw een th e  signal from  th e  irrad ia ted  region and  o th e r con­
tam in a tin g  signals (b righ t spo t, disc) was m axim um . T his 
p roduced  well defined peaks to  w hich we fitted  gaussian  so­
lutions. W e calcu la ted  th e  system ic-velocity  of th e  donor as 
th e  offset of th e  cen tre  of th e  gaussians w ith  respect to  th e ir 
w avelengths a t rest. T he  resu lt is 36 ±  2 k m s - 1  (average of 
H a ,  H ft and  FeII). T h is is com patib le  w ith  29 ±  6 k m s -1  
from  N aylor e t al. (2005) b u t, being h igher, it reduces a 
little  th e  value of th e  redshift. However, th is  reduc tion  is 
far from  enough to  resolve th e  discrepancy betw een th e  two 
m ass solu tions for U Gem.
3.6 Orbital velocity  of the w hite dwarf
T he value of K 1 for U G em  is know n accura te ly  th a n k s  to  a 
d irect observation  of m eta l lines from  th e  w hite d w arf’s su r­
face (Long & G illiland, 1999). T he  resu lt, 107.1±2.1  k m s - 1 , 
can  be  used to  te s t th e  effectiveness of th e  techniques al­
ready  in  use, w hich are m ostly  based  on assum ing th a t  th e  
em ission lines o rig inated  on th e  accretion  disc will provide 
in fo rm ation  from  w hich th e  m otion  of th e  w hite dw arf can  
be  tracked.
Two trad itio n a l techniques to  m easure K 1 are th e  d iag­
nostic d iag ram  (Shafter, Szkody & T h o rsten sen  1986) and 
th e  ligh t-cen tre  d iag ram  (M arsh  1988). B o th  use th e  double- 
G aussian  m ethod  (Schneider & Y oung 1980; hereafter SY80) 
to  m easure th e  rad ia l velocities from  a d a tase t. T h is  m ethod  
consists in  convolving th e  con tinuum  su b trac te d  line w ith  
two G aussians of iden tical w id th  and  varying separations.
In  th e  d iagnostic d iag ram  technique, th e  velocities m ea­
sured  are th e n  fitted  w ith  an  o rb ita l so lu tion  V =  7  — 
K s in ( 2n [0  — A 0 j), and  th e  p a ram eters  of th e  fit are p lo tted
in  a  d iag ram  like those p resen ted  in  Figs. 13 and  14. K 1 is 
considered to  coincide w ith  K  w hen K  is stab le  over a  range 
of G aussian  separa tions (a in  th e  p lo t) or a t th e  po in t ju s t 
before a K / K  increases sharply. In  Figs. 13 and  14 we see 
th a t  th is  h appens for a =  3400 km  s - 1  giving values of K 1 
=  95 and  150 k m s - 1  for H a  and  H ft respectively. T he  p lo ts 
in  th e  d iagnostic d iagram s display curves th a t  behave only 
p a rtia lly  as expected . In  p a rticu la r th e re  is no sim ultaneous 
convergence tow ards final values in  th e  panels (com pare, for 
instance, to p  and  b o tto m  panel of F igure  13).
In  th e  ligh t-cen tre  technique, th e  rad ia l velocities m ea­
sured  using th e  double-G aussian  m eth o d  are p lo tted  in  ve­
locity space and  th e  line of po in ts ob ta ined  is ex trap o la ted  
tow ards th e  K y axis. T he  value for K 1 is th e  po in t a t w hich 
th e  ex trap o la ted  line crosses K y. T he  p lo t ob ta ined , no t 
rep roduced  here, is very sim ilar to  F igure 15, w hich is de­
scribed below.
3.6.1 A  new  m ethod to  m easure K 1
A problem  w ith  th e  double gaussian  m easurem en t is th a t  
each  sp ec tru m  is tre a te d  one by one, before th e  ind iv idual 
rad ia l velocities are fitted  by a  sinusoid. T he  process breaks 
dow n as soon as th e  signal-to-noise in  one of th e  sp ec tra  
becom es too  low for th e  m easurem en ts to  be  m ade. We can 
do som ew hat b e tte r  by fitting  all sp ec tra  sim ultaneously, 
still em ploying th e  double-gaussian  m eth o d  because of its 
iso lation  of p a rticu la r velocities in  th e  line profiles. D enoting  
th e  velocity, flux and  u n ce rta in ty  of th e  i - th  pixel of th e  j -  
th  sp ec tru m  by Vji, f j  and  a j i  respectively, we therefore 
m im inise th e  following function:
^ 2 w (v j i )
j =1
(1 )
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F ig u re  15. The result of applying our new method to  H a  and 
H p. See text for details of how to  read the plots. A certain trend 
of the points in direction to  (0,107.1) km s - 1 is seen twice in the 
H p  plot. H a  shows no clear trend towards (0,107.1) km s - 1 .
w here Vji is th e  velocity of a  pixel re lative to  th e  velocity of 
th e  sp ec tru m  U j ,
Vji — Vji — U j ,
w is a  w eighting function  given by
w(Vj i )  1
(2 )
(3)
and  g rep resen ts two gaussians of s ta n d a rd  dev ia tion  a G 
separa ted  by a G,
g(v) =  exp - (v ~  ?« g )
2og
(v + k a a ) ~ \  
exP I ------^2----  (4)
2^ g
T he function  of Eq. 1 is m inim ised by fitting  th e  velocities 
of th e  sp ec tra  U j, j  =  1 to  N . If  these  q u an titie s  were fit­
ted  independently , th e n  we are back  to  th e  s ta n d a rd  double 
gaussian  m eth o d  for one sp ec tru m  w hich finds th e  velocity 
U for w hich ^ . f ig(vi — U ) =  0. T he  difference is th a t  we do 
no t allow th e  Uj to  be  independen t, b u t in s tead  constra in  
th em  to  represen t a  c ircu lar o rb it as so:
Uj =  y  — K x c o s (2 n 0 j) +  K y s in (2 n 0 j), (5)
fitting  in s tead  th e  s ta n d a rd  o rb ita l p a ram ete rs  y , K x and  
K y. U ncerta in ties were estim a ted  by a  b o o ts tra p  procedure 
(D iaconis & E fron 1983), w ith  1000 b o o ts tra p  sam ples being 
chosen from  th e  original set of spectra .
T he  end p ro d u c ts  are  Kx and  Ky values as a  function  
of gaussian  separa tion , exactly  as w ith  th e  old procedure. 
T he gain  is g rea te r robustness in th e  presence of noise.
F igure  15 shows th e  app lica tion  of th is  new  m ethod  for 
perform ing th e  analysis of rad ia l velocities. W e use a  sm all 
cross to  m ark  th e  p o in t w ith  coord inates (0,-107.1) k m s - 1 , 
th e  d irec t m easurem en t for K 1 from  Long & G illiland 
(1999). T he  po in ts  in  th e  d iagram s show th e  varia tion  w ith  
separa tion  for two gaussians of FW H M  =  100 k m s - 1 . T he 
in itia l separa tion  is 120 0  k m s - 1  and  is m arked  w ith  a large 
grey circle. Sm all circles m ark  step s of 50 km  s - 1  while large 
circles m arks step s of 500 k m s - 1 . In  b o th  panels an  inset 
w ith  a blow u p  of th e  region close to  (0,-107.1) k m s - 1  has 
been  included. In  th e  insets we have om m ited  th e  erro r bars.
A lthough  th e  H ft p lo t does on tw o occasions shows 
tren d s  tow ards th e  know n value, it  w ould be  im possible in  
th e  absence of Long & G illilands’s value to  deduce it  from  
our m easurem ents, a lthough  th ey  are a t least in  its  vicin­
ity. T h is should n o t come as a suprise; th e  d iagnostic d ia ­
gram s have a phase offset from  zero, and  w hatever causes 
th e  d is to rtio n  will d is to rt th e  new  m eth o d  as well. T he  chief 
conclusion is th a t  even far in  th e  wings, th e re  is som ething 
th a t  d is to rts  th e  rad ia l am plitudes by of th e  order 20  to  
50 k m s - 1 , and  th a t  we canno t im prove on S tover’s (1981) 
estim ate  of 137 ±  8 k m s - 1 .
We carried  o u t several sim ulations to  see w hat could 
d is tu rb  th e  w ing velocities using th e  m odel applied  in  Sec­
tion  3.5. We began  th e  sim ulations considering ju s t an  ac­
cre tion  disc and  an  opaque secondary  s ta r. In  th is  way we 
ob ta ined  double-peaked phase-sh ifted  sp ec tra  in  w hich an  
eclipse by th e  secondary  s ta r  was included b u t no flux was 
co n trib u ted  by it to  th e  spec tra . We found th a t  b o th  tech ­
niques were able to  accura te ly  recover th e  correct value for 
K 1 from  th is  d a ta se t. We th e n  added  a  nearby  line so th a t  
th e  separa tion  and  relative fluxes of b o th  lines w ould ap ­
prox im ate  th e  s itu a tio n  of having He I or Fe II close to  H a  
or H ft respectively. A gain  b o th  m ethods correctly  ex trac ted  
K 1 from  th e  d a ta . T h en  we added  a  b righ t spo t (its param e­
te rs  tu n ed  to  fit th e  fea tu re  observed in our d a ta ) to  th e  m ain  
line (H a-like and  H ft-like) and  found th a t  th e  m easurem ents 
were seriously d is to rted  by its  presence. However, a fter in ­
creasing th e  gaussian  separa tion  beyond ~ 2 0 0 0 k m s 1 th e  
m ethods again  reliably  ex trac ted  K 1 from  th e  d a ta . Lastly, 
we added  a b rig h t spo t to  th e  com panion lines (He I -like and 
Fe II-like) and  found th a t  th e  recovery of K 1 was no longer 
possible.
In  sum m ary, we canno t recover U G em ’s K 1 to  b e t­
te r  th a n  ~  40 k m s - 1 , and  we suspect th a t  th e  problem  is 
caused by th e  need to  go far in to  th e  line w ings to  avoid th e  
b rig h t-sp o t, w hich brings w ith  it  th e  prob lem  of con tam ina­
tio n  by th e  b rig h t-sp o t em ission of nearby  lines.
4 CONCLUSIONS
W e have presen ted  h igh sp ec tra l reso lu tion  and  signal-to- 
noise op tica l sp ec tra  of U G em  w ith  th e  aim  of tes tin g  th e  
use of th e  b road  em ission lines in  trac ing  th e  m otion  of th e
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accreting  w hite dw arf in  CVs. U G em  is particu la rly  well 
su ited  for th is  ta sk  because th e  tru e  m otion  of its  w hite 
dw arf has been  m easured  from  H S T  sp ec tra  by Long e t al 
(1999).
D espite observations on a 4m -class telescope of one th e  
b rig h test dw arf novae, we find values of th e  sem i-am plitude 
of th e  w hite dw arf ranging from  80 to  ~  150 k m s - 1  w hich 
con ta in  no t a  h in t th a t  th e  correct value is th e  107 k m s - 1  
m easured  by Long e t al (1999). N either th e  d iagnostic d i­
agram  (S hafter e t al 1986) nor th e  light cen tre  technique 
(M arsh  1988) were of any help. T he  roo t cause of th e  p ro b ­
lem seem s to  be  th e  b rig h t-sp o t w hich causes an  asym m etry  
th a t  ex tends to  large velocities in D oppler m aps, and  w hich 
is p resen t in  th e  sam e way in  pairs of close spec tra l lines (H a  
and  He I ; H ft and  Fe II), th u s  v io lating  th e  usual assum ption  
of a tre n d  tow ards sym m etry  a t h igh  velocity.
O ur d a ta  reveal a num ber of new  phenom ena for w hich 
we can  offer only ten ta tiv e  explanations. T hese include low 
velocity ab so rp tion  and  em ission th a t  we suggest im ply  th e  
presence of prom inences on th e  m ass donor star.
U G em  shows a  com plex s tru c tu re  in  th e  region of th e  
gas s tre a m /im p a c t region. E x tended  em ission lies betw een 
th e  velocity expected  for th e  ballistic  gas stream  d irectly  and  
th e  velocity of th e  K ep lerian  disc along th e  gas stream . T his 
em ission ex tends b o th  to  very h igh and  very low velocities in  
th e  m aps. M ost surprising  of all is th e  presence of a narrow  
com ponent of th e  b rig h t-sp o t in  He II, w hich appears  to  be 
unresolved even a t R  ~  10,000. T h is narrow  spo t appears 
to  com e from  th e  disc ra th e r  th a n  th e  stream , b u t seem s to  
requ ire  a slightly  larger value of rad ia l velocity  am plitude  
for th e  secondary  s ta r  th a n  has been  m easured  to  date .
We find no evidence of stream  overflow, b u t we find 
weak sp iral asym m etry  in  th e  (quiescent) disc, sim ilar in  
n a tu re  to  those  seen during  o u tb u rs t. T h is m ay provide sup ­
p o rt for O gilvie’s and  S m ak’s ex p lana tion  for th e  presence 
of sp iral s tru c tu re  based  up o n  3-body effects.
We find an  inc lina tion  angle of ~  72°. T h is  su p p o rts  
a so lu tion  for th e  m ass of U G em ’s w hite  dw arf in  agree­
m en t w ith  th e  H am ada-S a lpe te r m ass-rad ius rela tionsh ip  
and  w ith  th e  rad iu s  m easured  from  th e  U V  flux. T h is  re­
inforces th e  discrepancy first no ted  by N aylor e t al. (2005) 
regard ing  th e  m ass estim ated  from  g rav ita tio n a l redshift. 
T h is  co n stitu te s  an  im p o rtan t open  puzzle.
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A P P E N D IX  A: ELLIPSE FITTIN G  OF 
D O PPL E R  M A P ISOPHOTES
In  a  D oppler tom ogram  is usually  possible to  find a t least 
tw o closed contours a t a  p a rticu la r flux level. T h is happens
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because th e  tom ogram  is usually  dom inated  by th e  disc con­
tinuum , in  such a  way th a t  th e  flux increases from  th e  cen­
tr e  of th e  m ap  tow ards a  ring of m axim um  intensity , th e  
flux th e n  decreasing from  th is  ring  outw ards. T h is  scenario 
m akes th e  trad itio n a l m ethods to  fit ellipses from  th e  field 
of galactic surface p h o to m etry  un stab le  (e.g. K en t 1983, Je- 
drzejew ski 1987), because in  th em  m ost levels occur only 
once. O n th e  o th e r hand , th e  techniques em ployed in  com ­
p u te r  vision, for th e  charac te riza tion  of conics in  an  im age, 
are  very su itab le  for app lica tion  here. We devised a  new  
s tra teg y  by d iv id ing th e  p roblem  in two stages:
(i) Selection of p o in ts  p e rta in in g  to  a  closed contour, a t 
a  given level of flux.
(ii) F it tin g  of an  ellipse to  such points.
A1 First stage
T racing th e  con tours a t a  ce rta in  level and  ex trac tin g  th e  
po in ts  perta in in g  to  a single closed con tour a t th e  sam e level 
are  tw o com pletely different problem s. T he  form er is readily  
solved in  a  purely  g raphical m anner (e.g. B urke 1987), while 
th e  la t te r  (ours) is n on -triv ia l and , as far as we know, no t 
certa in ly  solvable w ith o u t h u m an  assistance. C onsequently  
th e  first stage adm its several approaches varying in  effi­
ciency. We devised one in  w hich from  m any angu lar d irec­
tions e ither zero or one pixel was chosen, according to  its 
p rox im ity  to  th e  pixel selected in  th e  previous d irec tion  and 
to  th e  general p a tte rn  of th e  con tours (e.g. no crossed con­
to u rs  were allowed).
T he  p rocedure could be carried  o u t alm ost on its  own in 
th e  case of a  sm ooth  con tinuum , b u t it  requ ired  close su p e r­
vision w hen dealing w ith  finely deta iled  (or noisy) stru c tu re . 
T he  m ain  danger is for th e  a lgorithm  n o t to  close th e  con­
to u r  or to  take  a  w rong d e to u r before com ing back to  th e  
expected  p a th .
only a  few po in ts are fed to  th e  algorithm . T h is  is fine for 
our purposes because we use m any po in ts for th e  fitting  
(basically lim ited  by th e  reso lu tion  of th e  m ap) and  also we 
do n o t w ant unrealistically  h igh  values for e (w hich for an  
accretion  disc we expect to  be close to  0 for m ost isophotes). 
If  th is  was a problem , th e  b ias could be rem oved by ano ther 
b o o ts tra p  procedure  a t th e  cost of com puting  tim e (see, for 
instance, C ab re ra  & M eer 1996).
A3 Application: subtraction of elliptical 
background
By su b trac tin g  th e  disk from  th e  original D oppler m ap  we 
can  g reatly  im prove th e  v isibility  of asym m etrical features. 
A lthough  we expect disc isophotes to  have low values of e, 
th is  value is generally n o t be exactly  0. We therefore  used 
th e  resu lts  from  th e  ellipse-fitting  process described  above to  
su b tra c t an  in te rp o la ted  ellip tical background. To do th is, 
we found for every p o in t th e  two closest ellipses and  th e n  we 
linearly  in te rp o la ted  th e ir  fluxes according to  th e  d is tance  
of th e  po in t to  b o th  ellipses. Special cases were: a  po in t 
exactly  in  th e  p a th  of an  ellipse (its flux was used), and 
po in ts beyond th e  region fitted  (no flux was assigned).
In  F igure (A1) we show an  exam ple of th e  perform ance 
of th e  m eth o d  by using a syn thetic  D oppler m ap.
A2 Second stage
O nce all th e  po in ts  for a p a rticu la r level were chosen, we 
fitted  th em  w ith  ellipses according to  an  analy tica l ellipse- 
specific m ethod  proposed by F itzg ibbon , P ilu  & Fischer 
(1999). T he  ta sk  is accom plished v ia  a very efficient m a­
tr ix  procedure. In  a  n on -m atrix  form  we can  explain  th e  
p rocedure  as th e  fitting  of a  general conic of th e  form:
A x 2 +  B x y  +  C y 2 +  D x  +  E y  +  F  =  0 (A1)
b u t add ing  th e  constra in t:
4A C  — B 2 =  1 (A2)
so th a t  th e  resu lt will specifically be  an  ellipse. T he  con­
s tra in t adds an  a rb itra ry  fac to r of scaling to  th e  solution, 
b u t th e  algo rithm  provides for th e  rem oval of th e  effect a t a 
la te r stage. T he  resu lting  general coefficients A, B , C , D , E  
and  F  were converted  to  th e  m ore m eaningful values Vxc,Vyc 
(coord inates of th e  cen tre  of th e  ellipse), a , b (size of th e  two 
sem iaxes), e (eccentricity) and  6  (angle of ro ta tio n ). U ncer­
ta in ties  were estim a ted  by a b o o ts tra p  procedure  over th e  
points.
T he  so lu tion  given by th e  m ethod  of F itzg ibbon  e t al. 
(1999) has been  proved to  be unique, b u t it m ust be no ted  
th a t  it  has a  ce rta in  b ias to  low eccentricities, specially if
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F ig u re  A 1. Performance of the elliptical background subtraction. The left panel shows a synthetic tomogram with an elliptical back­
ground and a spot of enhanced emission. The region inside the dashed circle was masked during the fitting of ellipses. The middle panel 
shows the continuum interpolated from the fitted ellipses. In both the middle and right panel the dashed ellipses are the innermost and 
outermost fitted ones. The right panel shows the result of subtracting the middle panel from the left one. The (correct) 2-dimensional 
Gaussian nature of the synthetic spot is made more evident in the right panel than it was in the original figure, in which it seemed to  
be elongated along the curvature of the disc.
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